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SUMMARY 

Propellers with equal total blade area, but with dif- 
ferent numbers of blades, were tested at Stanford Univer- 
sity. 

The tests show generally that, for equal total blade 
area, propellers with the larger number of blades absorb 
the greater power and, provided hubs have equal drag, de- 
velop the higher efficfency. 

It is shown that the differences found are in agree- 
ment, qualitatively, with what might be predtcted from 
simple blade-element theory. 

INTRODUCTION 

The simple blade-element theory as developed by 
Drzewiecki shows that between tmo propellers with simi- 
lar blade plan forms and blade section profiles and with 
equal total blade area, but with different numbers of- 
blades, the power absorbed and the efficiency developed 

, by the propeller with the larger number of blades should 
be the greater. The lar.Ter power absorption would be ex- 
pected from the increased lift coefficients for blade el- 
ements of higher aspect ratio. A gain in efficiency 
should arise from increased WJ of 'Dlade elements. a 

In the practical case, unless the aerodynamic superi- 
ority of the many-blade prc-celler is considerable, the 
propeller with fewer and mlher blades might be chosen, 
since, particularly for the controllable-pitch propeller, 
the mechanical features will 'oe less complicated and the 
original cost no doubt smaller. 
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At the request and with the financial assistance of 
the National Advisory Committee for Aeronautics, the sub- 
sequently described experimental study was undertaken. 
The purpose was to determine 3y test the quantitative dif- 
ferences in aerodynamic characteristics between tmo- and 
three-Slade propellers having'equal total blade areas, and 
between three- and four-blade propellers, again having 
equal total blade areas but, in this case, 33-l/3 percent 
more area than for the two-blade -- three-blade ccnparison. 

APPARATUS AXD TESTS 

Vind tunnel -_ -..-- -___ . - The experiments of this investigation 
were carried on in the mind tunnel of the Daniel Guggenheim 
Aeronautical Laboratory at Stanford University. The tun- 
nel is of the Eiffel type with open throat ?-l/2 feet in 
diameter. The maximum tvind velocity is 90 miLes per 3our. 

Dynamometer.- The propeller dynamometer consists es- 
sentially of an electric motor carried on axially dis- 
posed, thin, steel plate knife edges. The propeller is 
secured to an extension of the motor shaft. The extension 
is free from axial constraint except that provided by a 
beam balance which measures the pull upon the shaft or the 
propeller thrust. The uropeller tcrque is measured by the 
counter moment, indicated by a beam balance, required to 
restrain the driving motor against roll about the knife 
edges that support it. The propeller is placed me11 for- 
ward, about one and one-half diameters, of any consider- 
able sLipstream obstruction. 

zpdel proPellcrs.- The p.ropell.ers TIera all. 3-foot di- 
ameter, metal, adjustable-pitch models. The blade plan 
forms are shown in figure 1; the propeller hubs are s:zomn 
%n figure 2. 

Blade E (fig. 1) has the plan form, blade angles and 
sections of propeller E in reference 1. Tho aspect rat50 
is 7.7. The nominal pitch-diamotcr ratio is 0.7 from 0.6 
B outnard to the tip. It gradually decreases from 0.6 R 
toward the hub to 0.42 at 0.15 R. 

3lade El is 33-l/3 percent wider and thicker than 
blade E. The asgect ratio is 5.77. 

3lade El' is 50 percent ITider and thicker than blade R. 
The aspect ratio is 5.13. 

. . 

. 
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? 

A tno-blade propeller YitB--3". b$ades thus has the 
same total area as a threo-blade propeller with E blades. 
LikcmLse a three-blade gropollor mith:E1..blades has the 
same total area as a four-blade propoller with E blades. 

Distribution aioag the .radius 'of goomotrfbal pitch- 
diameter ratio, width-diameter ratio, and thickness-mfdth 
ratio for the three blade forms is shown in figure 3. 

. 
Tests were made of all propellers for blade angles at 

0.75 B of 15O, 25O, 35O, and 45'. / 

Following the Stanford laboratory practd&e, tt constant 
angular velocity mas employed for all teats at a given 
blade anqle . Variation in the parameter "V/nD was brought 
about through change in the aind velocity. &cause of lim- 
itations in mind speed and in power and rotational speeds 
available in the dynamometer, the rotational speeds em- 
ployed mere 2,000, 1,800, 1,500, and 1,000 revolutions -oer 
mrnute for tho,15O, 25O, 35O, nud 45' blade angles, re- 
spectively. The Reynolds Number of the tests was thus 
from 0.11 to 0.06 that of flight, assuming full-scale pro- 
pelLers 9 feet in diameter turning at 2,000 revolutions 
per minute. . 

The observed quantities of the tests, thrust, torque, 
rotcti,onal speed, velocity of advance, and density, mere 
convhrtad into the usual coefficients: 

Thrust coefficient, 

T CT = --- 
pn"D4 

Power coefficient, 

P 2-..ILsL 
cP=---=- p n3 D5 p na D5 

Speed-ponor coefficient, 

..--. 
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is propeller thrust. 

mass density of the sir. 

revolutions per unit tine. 

propeller diameter. 

propeller turning moment or torque. 

power absorbed. 

velocity. 

RESULTS AND DISCUSSION 

The coefficients derived from the observations of the 
tests are given in table I. In fiF:ures 4 to 7, C,, BP, 
and Tl are represented graphically a3 functions of V/nD. 

r'i.;ures 4 and 5 shorn that, bettveen two- and three- 
blade propellers of equal total blade area, there are ap- 
preciable differences in performance. The CT and CP 
curves for the.three-blade propellers shorn a higher slope 
than corresponding curves of the two-blade propellers. 
From simple blade-element theory, cT and CP depend 
larzoly upon the lift coefficients of the blade elcmonts. 
Curvos of lift coefficients as functions of goomotrical 
anqlc of attack mill have hiqhor slope for elements of 
greater aspect ratio. A higher slope in curves of CT and 

cP as functions of V/nD for the throe-blade, ;yroator as- 
pect ratio propellers is therefore to be expected since, 
for a given blade setting, V/nD detzrminos the geomnt- 
rical angles of attack of the blade elements. 

In the usual operating ranqo, from V,/nD for. maximum - 
efficiency to about 0.75 V/nD for maximum efficiency, 
tho three-blade propellers dovelop from 2 to 8 percent 
more thrust and absorb a correspondingly groator potvor so 
that the difforcnces in officioncg aro barely noticoa3lo. 
The differoncos in efficiency appear to bo in favor of the 
throc-blade pro~ellors in some cases but in others tLc rc- 
vcrsc is truo. 

l 

t 

b 
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The dynamic pitch-diameter ratio (V/nD for zero 
thrust) is larger in all cases for the two-blade than for 
the three-blade propellers. This result was-believed to 
be evidence that the drag of the three-blade hub was con- .- 
sidercbly more than that of the,ttvo-blade hub. The blades 
had identical forms of section profiles.' At zero thrust, ---.-u 
the lift coefficients of the elements are too small to be 
significantly affected by the variation in aspect ratio. 
Therefore, unless the drags of the.hubs mere different, 
the V/nD for zero thrust would be the same for both pro- 
pellers. I 

For the 25O, 35O, and 45’ blade angles at 0.75 R, it 
may be seen that both two-blade and three-blade propellers 
show pronounced changes in the direction of the CT and 
CP curves at certain points, with resulting sudden in- _. 
creasesin the slope'of the efficiency curves. 

-- 1.x- 
The values - 

of V/nD at which the change occurs are abouK-q.4L,, pi-g,-- 
and 1.5 for the 250, 350, and 45O blade angles, rospecE&- 
lY. The angle of attack for the tip section of the propel- 
lers is thus very close to 14O, which is near thez-bur~ie 
point for sections of this type. (See r.eference 2.) It 
may be noted that the burbled tip condition, as.evidenced ..- 

.-~ 

by the sudden change in slope of the efffciency curves, 
occurs for the tno-blade propeilers at.iower v&rues of 
V/nD than for the three-blade prope.llora, T:?~ -two-bla-de- 
propellers-thus shotv appreciably qrea-bor efficiency nesr .Y 
this point. For example, the two-blade; 35" propol'or 
shams an efficiency of 0.75 at V/nD = 0.95; That of the 
three-blade propeller for the same V/nD is 0.70. -out- - 
side of this ragion.,' however, --- 

.and except at value-s of 
V/nD qreator than that for maximum efficie-ncy,. neither-. 
two- nor three-bIade propeller shows a zonsistent advan- 
tage in efficiency. 

- - 
-- 

The qualitative difference in V/nD for burble of 
nide and narrow blade pro-pellers may bo explained, as has 
been the difference in slope of CT an& GP curves /' by_. - 
consideration of the blades as made up of airfoil elsmpnts 
of different aspect ratios. 
pect ratio) have, 

The wider blades (smaller as- 
for given geometri-cal angles of attack; 

larger induced angles of attack and thus sma.ller ef.fective -- 
angles of attack. 

Burble will occur at the same effective angles.,of at- 
tack for both wide and narrow blades and therefore at 
larger geometrical angles of attack (smaller V/nD) for 
the wider blades, 
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Calculation 'of the differonce in'geomotrioal angle 
of s.ttack at burble for 'elliptically loaded airfoils, 
having the aspoct ratios of the two- and tho thrco&blado 
progolle,rs of equal total blade area, gives about. lo. 
This value is close to what is shown by the change in 
V/nD for .burble in the propeller tests. 

It aspeared that the later tip burble in the two-blade 
propelLers',miqht be Tartly explained by difference in 

*Reynolds Dumber. A subsequent test of the two-blade, 35' 
propeller at two-thirds the angular velocity formorly-em- 
ployed, and thus at the same Roynalds Numbers as for the 
three-blade propeller, 'huwever, gave practically the iden- 
tical curves,for CT, Cp, and Tj formerly derived. 

. 

L_ 

During the -tests* a pronounced change in. the sound of- --- 
the, propellers was observed at burble. Before burble they 
me,re relatively .qu.iet, 
ing sound. 

giving off.only a high-pitch hiss- 1 
At--burble and thereafter, the sound was meny- 

,. fold louder, of -Lower pitch, and similar to that of tear- 
ing cloth. . -. 

Comparison offigures 6 and 7 .shows somewhat similar 
difforences.botmcea tireo- and four-blade propollers of 
equal total blade area as are evident i.n the two-blade-- 
three-.blade compari.son. 

c 

The thrust and the power cdofficionts are gonorrlly 
gro:ater for fqurlblade sropollers than f.or thrke-blade 
propollors,but tho difforenco is considerably lees than 
shown bo.tmoon thre.e-blade and two-blade propellers. .w 

The efficiency of the four-blade propellers .appoara 
to be from zero to 2 percent greater than for fho throo- 
blade propellors. 

The, dynamic pitch-diameter ratio (V/nD for zero 
thrust) is;geperaI,ly somewhat less for the fdur-blade pro- 

,pel.lers than for the three-blade propellers. The diffor- 
ence is smaller-and le,ss consistent than for the two-blads-- 
three-blade campari.son, 

As previously stated, the simple blade-clement theory 
shows that, other things being equal, there should be an 
increase An.~omar Gbsorbed and in efficiency deve.lopcd for 
the prop'ellors mi.th the larger numb&r of blades. 

In order to estimate the qualitative differenc.o:s that 
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might be:expected~the'~follo~ing'computations nere carried 
through. . ' . -e-.- ---..-- 

1. The.1if.t and the dra 
7 

coef,fiuient-a for 't.he 0.75 B 
section (given in reference 2 were transformed to coefff- 
cients for airfoils of the aspect ratios.regrtis~nted in 
the mode,1 propeller plades. .- . * . - "- 

3 Computations were yrna.de of'quantitfes corresp'o'nd-' ' 
ing t,' CR' and T) 

'V/qD 
of the'0.75 R element, of%ie 35' pro- 

pellers at-' = 1.3 : (maximrcym'.efficiency~).' .- . + 

Assuming that the c'omputed'coe,ffio:ie-ntb 'deri;od for- -- 
the 0.75 R section mould.be relatively representative 0-g. 
the propeller as a lvhole., it was gr.edict.ed that the three- 
blade E .propollor would .absorb a:d,out .'i' s'ercoat more power .; 
and develop 2. percent greator neak.offioiency than tho two- 
'blade Z'* propeller. Likewise the' fou$blade .-lZ pro-$e.JXGF -- 
rvould absorb about 4 percent more porrer an'd develop 1.6 
percent greater peak efficiency than the three-blade--Z' 
propellers. 

Smaller V/nD for zero-thrust, . as..shown by the three- 
blade E propeller in comparison vith,the two-blade E" ..$ro+ i 
seller and the failure of -the three-blade‘ propeller to ~_ 
realize in teat an increase in efficiency led to, further 
tests. These tests were. thought desirable because the pre: 
dieted increase in.efficiency of the fbur-b.ladex pLi;osel.- 
ler -over that of the three-blade R* proRell.er apPeared to 
have been shown. 

The drags of the .tmo-, three-, and.four:blade hubs 
and propellershaft (hubs without blades being.plac.ed on . 
the.ahaft and r0tate.d at propell.er sp'eac) &ire measured. 
It' was found that the drag of the .thrad-bl'ade'hub and 
shaft was more than double that of the.two-blade hub and 

.: 

shaft, The drag'of the four-blade hubj'and-shaft-was- $bguh 
18-percent more than that of ,the three-W.tidd hu'i‘and shaft; _ - . : 

It was seen that the' difference -in draLg df tmo- and 
three-blade hubs and shafts might account for the failure 
of the three-blade E propeller to realize the 2 percent 
greater paak efficiency predictod'for it. In order to 
confirm this explanntion, identical spinners-were fitted 
eve,? Ahe hubs of .two- ,and three-blade pro_nellers.(as shown 

-- 

in fic:ure 8 for the tnio-blade .Dropeller) and tests-we-re .. - ~ . 
made- for the 35O blade angle. --Obs'ervations reduced to co-- 

Y 
efficient form are given in table II and are shown graphic- -d 
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aIly in figure-9';' From this figure it may be seen that 
the 2 percent greater peak efftcisgcy predicted for the 
three-blade propeller is r-ealized and that V/nD for 
zero-thru5t of the two propellers is the same* 

Comparison Ff the CT curves of figure -8 with the 
350 CT curves of figures 4 and 5 and in the region of 
maximum efficiency (V/nD. 1.1 to.1.4) reveals that.the ' 
thrust-realized from the pro-oellers with spinner5 is @pi 
preciably greater than for those with bare hubs; The in- 
crease in thrust for the two-blade propeller is about 
l-1/2 percent, while that for the three-blade propeller fe 
about ?-l/,2 percent. Since there are only insignificant 
differences betrreon power coefficients, with and without 
spinners, the net result is that the three-blade propcllor 
shows 2 percent greater peak efficiency than the two-blade 
propeller mhan identical spinn-ers are fitted over the hubs, 
while lvith bare hubs there is no consequsntial difference 
between them. 

The increase of efficiency of the two-blade propeller 
through the addft-lon of a spinner mas somewhat surprising 
since, at first glance, it appeared that the drag of tho 
spinner would be at least equal to that of the two-blade 
hub. A drag test like that employed to measure the com- 
parative drag5 of two-, three-, and four-blado hubs showed, 
however, that the drag of the spinnor and the shaft *as 
not more than one-third of that of the two-blade hub and 
shaft. The increase in efficiency found was thus easily 
accounted for. 

It would appear that, if spinners had been fitted In 
tho four-blade --three-blade comparison, a further addi- 
tion to efficiency in favor of-the four-blade propollor 
might have been found. 
f-or the three-blade 

As compared nith what was found 
--two-blade comparison, the addit?on 

would, however, have boon small because the differonco in 
drag betlvoen three- and four-blade hubs and shafts mas 
only one-third of that betmeon two- and three-blade hub5 
and shafts. 

COI?GLUSION 

t 

r 

These tests shorn that, for a given diamotor and total 
blade aren nrovided other things are equal, the propollor 

. 
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with the largest number of blades will absorb the qreatost 
power and develop the h&ghost efficiency. 

Daniel Guggenheim Aeronautical Laboratory, 
Stanford,Unfversity, December 10, 1938. 
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TIBLPI - Contimsd 

Thrar-Blade E' Propa11er 
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Three-Blade P' Propeller 
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Figure 3.- B f ade-farm curves. 

V/nD 
Figure 9. - *Three-blade E and two-blie E’ propel-2 

lers withspinners. Blade angle 35’. 
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